Streptococcus suis is an important pathogen of pigs and may cause serious disease in humans. Serotyping is an important tool for detection and epidemiological studies of S. suis. Thirty-three reference serotypes and nine novel cps loci (NCLs) are recognized in S. suis. To gain a better understanding of the prevalence and genetic characteristics of NCLs, we investigated the serotype identity of 486 isolates isolated between 2013 and 2015 in China by capsular gene typing methods. Two hundred seventy-six isolates carried NCLs belonging to 16 groups, 8 of which appear to have not been reported previously. These isolates showed autoagglutination, polyagglutination, or nonagglutination with reference antisera and thus were nonserotypeable. Almost all isolates carrying the unknown NCLs were encapsulated, with various capsular thicknesses, indicating that they are most likely novel serotypes. To simultaneously identify the currently recognized 17 NCLs, an 18-plex detection system using the Luminex xTAG universal array technology was developed. Our data also provide valuable genetic information for monitoring the variations within NCLs by investigating the genetic characteristics of different subtypes within NCLs.
S
treptococcus suis is an important pathogen of pigs and may cause serious disease in humans (1) (2) (3) . Clinically healthy pigs can carry S. suis in their nasopharynx, contributing to the dissemination of this pathogen (4, 5) . Moreover, a potential role of isolates from healthy pigs is as donors to transfer the new adaptive phenotypes to pathogenic isolates (6) . The capsular polysaccharide (CPS) shields S. suis from host phagocytes and is a major virulence factor (7) . Antisera to CPSs are used to distinguish antigenic differences among them. Serotyping is also an important epidemiological method for S. suis surveillance. This reflects the importance of including isolates from healthy pigs to better understand the diversity and evolution of CPSs in S. suis populations.
A total of 35 serotypes (types 1 through 34 and type 1/2) of S. suis have been identified by different studies in the 1980s and 1990s (8) (9) (10) (11) . In 2005, strains of serotypes 32 and 34 were reclassified as Streptococcus orisratti (12) . The CPS synthesis genes are known to be clustered at the cps locus. CPSs of all serotypes are thought to be synthesized by the Wzx/Wzy pathway. Based on serotype-specific wzy genes, 3 multiplex capsular gene typing systems have been developed to identify S. suis serotypes (13) (14) (15) . These systems allow the simultaneous detection of multiple nucleic acid sequences in a single reaction and can greatly reduce the time, cost, and work associated with conventional serotyping technologies. They have become attractive alternatives to existing serological tests, especially for nonserotypeable isolates, which can be more conveniently identified.
Recently, 9 novel cps loci (NCLs) were identified in nonserotypeable isolates and were designated NCL1 to -8 (16) and Chz (17) . These loci possessed the specific polysaccharide polymerase gene wzy, the flippase gene wzx, and glycosyltransferase (GT) and acetyltransferase genes, which were obviously different from those of reference serotypes. All evidence from genetic analyses and phenotypes strongly supported that they represented novel serotypes of S. suis. Based on the variable presence of 13 genes and 4 transposase genes, multiple subtypes of NCL1, -2, -3, -7, and -8 were found (16) . Those studies showed the high level of diversity within the same NCL and underscore the importance of investigating the subtypes of different NCLs. In this study, 486 isolates recovered from pigs in China between 2013 and 2015 were typed by capsular gene typing systems. Two hundred seventy-six isolates carried NCLs belonging to 16 groups, 8 of which appear to have not been reported previously and are named NCL9 to -16. All 276 isolates showed autoagglutination, polyagglutination, or nonagglutination with reference antisera and thus were nonserotypeable. The capsular phenotypes of 39 isolates carrying NCL9 to -16 and 10 isolates carrying Chz were investigated by transmission electron microscopy. Based on NCLspecific wzy gene sequences, we developed an 18-plex detection system by using multiplex PCR (mPCR) and the Luminex xTAG universal array technology in combination. This system can simultaneously identify the 17 currently recognized NCLs in a single reaction. The genetic variations within NCLs were also investigated. In order to determine the phylogenetic position of isolates carrying NCLs in the S. suis population, minimum core genome (MCG) typing was used to analyze these isolates.
MATERIALS AND METHODS
Bacterial strains and chromosomal DNA preparation. A total of 454 field isolates from the nasopharynx of healthy pigs and 32 isolates from lungs of diseased pigs were used in this study and are listed in Table S1 in the supplemental material. All isolates were serotyped by using the agglutination test (serum provided by Statens Serum Institute, Copenhagen, Denmark). Chromosomal DNA was prepared by using a method described previously (15) . The species identity of the 486 isolates was determined to be S. suis by amplification of the 16S rRNA, recN, and thrA genes (13, 18, 19) .
Capsular gene typing and determination of known subtypes of NCL1, NCL2, NCL3, NCL7, and NCL8. Capsular gene typing methods developed in our laboratory were used to assign cps loci of 486 isolates (13, 16, 17, 20) . Known subtypes of NCL1, NCL2, NCL3, NCL7, and NCL8 were determined based on the variable presence of 13 genes and 4 transposase genes found in our previous study by PCR amplification (16) (Tables 1 and 2).
Sequencing of cps loci and bioinformatics analysis. Isolates (n ϭ 39) that could not be assigned to NCL1 to -8, isolates (n ϭ 10) that were assigned to Chz, and isolates (n ϭ 7) of novel subtypes of NCL1 and NCL2 were sequenced by Illumina sequencing as previously described (21) . Each cps locus sequence was extracted from the draft genome sequence, and open reading frames (ORFs) were identified and annotated based on methods reported previously (22) . cps loci were analyzed by using the same bioinformatics methods as those described in previous studies (16, 22) . The cps genes were assigned to the 361 known homology groups (HGs) of 35 serotype reference strains (22) and NCL1 to -8 (16) if the length of the match was Ͼ50% of the sequence and the identity was also Ͼ50%. Genes that did not match these criteria were assigned to novel HGs and numbered from HG362 onwards. Novel HGs that were present in all isolates of a NCL are referred to as NCL-specific HGs.
Detection of the capsule by transmission electron microscopy. The presence or absence of the capsule was examined by electron microscopy using the same method as the one described in our previous study (16) .
The capsular thickness was measured between the inner and external edges of the capsular layer. Each value is based on 25 to 30 measurements per experiment. Each experiment was done twice independently.
MCG typing. MCG typing was performed by using PCR amplification and DNA sequencing as described previously (23) .
Development of a high-throughput detection system for the 17 NCLs. The 18-plex detection system was set up based on a protocol described in a previous study (13) , and the primers used to amplify S. suis NCL-specific wzy target sequences are listed in Table 3 . In brief, the unique "TAG" sequence and biotin label were specifically incorporated into wzy-specific amplification products in an mPCR reaction using cycling parameters of 94°C for 5 min and 30 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 30 s, followed by a final elongation step at 72°C for 10 min. After amplification, a volume containing 5 l of each PCR product or H 2 O, 20 l of MagPlex-TAG microsphere mixture (125 of each microsphere set per l), and 75 l of reporter solution (10 g/ml streptavidin-R-phycoerythrin conjugate [SAPE] in 1ϫ Tm hybridization buffer [Luminex]) was hybridized in a thermocycler for 30 min at 40°C. The hybridization solutions were read by using the Bioplex 200 instrument (Bio-Rad), and the median fluorescence intensity (MFI) data were analyzed by using Luminex xPONENT 3.1 software. The arbitrary MFI of a positive signal was defined as Ն2 times the MFI value of the background (consisting of all reaction mixture components except DNA). The threshold of the detection limit was determined by using serially diluted DNA from a representative isolate of each NCL type. Non-S. suis isolates used in our previous study (13) were also used to determine the specificity of the system in the study. Two independent experiments were performed to establish the sensitivity and specificity of the system. Accession number(s). DNA sequences obtained in this study were deposited in GenBank under accession numbers KT163361 to KT163377, KT802744, KU665257 to KU665288, and KU983471 to KU983476. 
The PCR product size of HG292 in NCL1-5 is 724 bp. c Including 4 subtype-specific transposase genes for NCL1-6, NCL1-7, NCL3-2, and NCL8-3, which are listed in Table 2 . 
RESULTS
Serotype identification of isolates. The 486 isolates were typed by both agglutination tests using reference antisera and capsular gene typing systems. By agglutination tests, 195 isolates were typed as being of a known serotype, and 291 isolates showed autoagglutination, polyagglutination, or nonagglutination with the reference antisera and thus were nonserotypeable. All 486 isolates were also typed by using a previously developed 32-plex Luminex assay that can type isolates of traditional serotypes (13) . Two hundred ten isolates were typed as the reference serotypes, 195 of which were the same serotypes as those determined by the agglutination test. However, 15 isolates were typed into serotypes 5, 12, 29, and 30 by the 32-plex Luminex assay, which were nonserotypeable by the agglutination test. The 276 isolates that were not typeable by the 32-plex Luminex assay were further typed by using multiplex PCR for NCL1 to -7 (20) and simplex PCR for NCL8 (16) and Chz (17) , 237 isolates of which were typed as known NCLs. However, 39 isolates remained untypeable, suggesting that these isolates carry unknown NCLs (Table 4; see also Table S1 in the supplemental material). Of the 237 isolates carrying a known NCL, NCL1 (n ϭ 82), NCL2 (n ϭ 43), NCL3 (n ϭ 42), NCL7 (n ϭ 35), and NCL8 (n ϭ 19) constituted 93.2% (221/237) of them. Chz (n ϭ 10), NCL4 (n ϭ 4), and NCL5 (n ϭ 2) were also found.
Identification of eight new NCLs.
The 39 isolates that could not be assigned to the 33 reference serotypes and 9 known NCLs were sequenced by Illumina sequencing. The cps gene clusters were extracted from the genome sequence and were divided into 8 different NCLs based on the sequence of the wzy gene (see Fig.  2A ). The NCLs were named NCL9 to -16. NCL11 (n ϭ 26) was the most prevalent, followed by NCL12 (n ϭ 3), NCL16 (n ϭ 3), NCL13 (n ϭ 2), and NCL15 (n ϭ 2). The remaining 3 NCLs contained only a single isolate.
All 8 NCLs were flanked by the orfZ-orfX region and the glf gene (UDP-galactopyranose mutase) and were classified into pattern I-b (16, 22) . The GϩC content of the NCLs ranged from 33.18% to 36.76%. The sizes ranged from 21.12 kb to 32.87 kb. The sialic acid synthesis genes were not found in any of these NCLs.
The cps genes from the 8 NCLs were grouped into 92 HGs, as done previously (16, 22) . Thirty-six HGs contained known genes of serotype reference strains, NCL1 to -8 and Chz, including GT, acetyltransferase, aminotransferase, nucleotidyltransferase, phosphotransferase, cytidylyltransferase, glucuronate epimerase, and glucose dehydrogenase. The cpsA, cpsB, cpsC, and cpsD genes are present and located on the 5= side of all 8 new NCLs. An initial sugar transferase gene was located in the 5=-side region and was classified into 3 HGs: HG8 (NCL10 and NCL15), HG21 (NCL11, NCL12, and NCL16), and HG295 (NCL9, NCL13, and NCL14).
The 3= side of 7 NCLs (excluding NCL15) is relatively conserved and contained predominantly HG7, HG34, HG55, HG292, HG293, and HG294, while central regions of the 8 NCLs are highly variable (see Fig. 2A ).
Fifty-three HGs (HG363 to HG415) were NCL specific, and nearly all NCL-specific genes are present in the central region of novel cps clusters. Each NCL contained 5 to 11 NCL-specific genes, with 11 HGs for NCL9, 6 HGs for NCL10, 6 HGs for NCL11, 5 HGs for NCL12, 8 HGs for NCL13, 5 HGs for NCL14, 9 HGs for NCL15, and 4 HGs for NCL16. Among them, 21 HGs encode putative glycosyltransferases, and 5 encode acetyltransferases. All Wzy polymerases were NCL specific, as expected. Seven of the eight Wzx flippases were NCL specific, with the wzx gene of NCL12 being homologous to that of NCL1 (HG301). Interestingly, NCL16 contained two types of wzx genes (HG301 and HG417). Only 3 novel HGs were not composed of NCL-specific genes. HG362 was present in both NCL12 and Chz-2. Two HGs (HG416 and HG417) were present only in NCL16 but not in all isolates of NCL16 (see Table S2 in the supplemental material).
Development and evaluation of a Luminex-based highthroughput detection system for the 17 NCLs. Detection was based on the unique sequence of wzy for each NCL. The wzy gene was amplified in a multiplex PCR format. The detection limit for the 17 NCLs varied from 0.5 pg of purified DNA/reaction (equivalent to ϳ2 ϫ 10 2 CFU/reaction) to 20 pg of purified DNA/reaction (equivalent to ϳ1 ϫ 10 4 CFU/reaction). The performance of the system was tested on 486 isolates used in this study. Cross-hybridization and nonspecific hybridization between sequences were not observed. Two hundred seventy-six isolates carrying novel cps loci were correctly assigned to the corresponding type. All 210 isolates were typed as the reference serotypes by the 32-plex Luminex assay, and 62 non-S. suis isolates did not give a positive signal.
Determination of subtypes of NCLs. NCL3 and NCL8 isolates were found to belong to a single subtype, NCL3-1 and NCL8-1, respectively. Genetic heterogeneity was not found within NCL12 and NCL15 isolates.
(i) NCL1. Of 82 isolates, 76 were assigned to 6 known subtypes of NCL1 (NCL1-1, NCL1-2, NCL1-3, NCL1-4, NCL1-5, and NCL1-7). Six isolates could not be assigned to known subtypes. Five of them were sequenced by Illumina sequencing, and four novel subtypes were found and named NCL1-8, NCL1-9, NCL1-10, and NCL1-11. The subtypes differed at the 3= ends with indels of HG55, HG293, HG294, HG312, HG313, HG314, HG315, or HG332 (Table 1 and Fig. 1A ). NCL1-1 (n ϭ 24), NCL1-2 (n ϭ 23), and NCL1-4 (n ϭ 23) were dominant subtypes.
(ii) NCL2. Of 43 isolates, only 8 were assigned to 2 known subtypes of NCL2 (NCL2-1 and NCL2-2). Thirty-five isolates could not be assigned to known subtypes. Two novel subtypes were found among them by Illumina sequencing and named NCL2-4 and NCL2-5. The novel subtypes varied due to the variable presence of HG55, HG293, and HG294 (Table 1 and Fig. 1B) . NCL2-4 (n ϭ 32) was the dominant subtype.
(iii) NCL7. For NCL7, two types of genetic organization were found in 35 isolates, with NCL7-1 containing 32 isolates and NCL7-2 containing 3 isolates.
(iv) Chz. Sequencing of 10 isolates showed that they differ from Chz reference strain CZ130302 (Chz-1) and were named Chz-2. One gene (HG55) was inserted, and three genes (HG293, HG294, and HG362) were deleted in the 3=-side region of Chz-2 (Fig. 1C) .
(v) NCL11. Five types of genetic organization were found in NCL11 because of insertions and deletions (Fig. 2B ): NCL11-1 (n ϭ 17), NCL11-2 (n ϭ 5), NCL11-3 (n ϭ 2), NCL11-4 (n ϭ 1), and NCL11-5 (n ϭ 1). Compared to NCL1-1, two different transposase genes were inserted in NCL11-2 and NCL11-3, whereas deletions of HG55, HG292, HG293, and HG294 in NCL11-4 and a deletion of HG55 in NCL11-5 were found.
(vi) NCL16. Two types of genetic organizations were found in NCL16 (Fig. 2C ): NCL16-1 (n ϭ 2) and NCL16-2 (n ϭ 1). NCL16-1 differed from NCL16-2 in the 3= side, with HG416, HG417, HG293, and HG294 in NCL16-1 and HG301, HG314, HG315, HG312, HG313, and HG329 in NCL16-2.
Determination of the presence of CPS in the NCL9 to NCL16 and Chz isolates. The thickness of the capsules of 39 isolates of NCL9 to NCL16 and 10 isolates of Chz-2 was measured by transmission electron microscopy (representative isolates are shown in Fig. 3 ; see also Table S1 in the supplemental material). Strain SC84 (serotype 2) was used as a control and was well encapsulated, with a capsular thickness of 110 nm to 130 nm. Forty-seven isolates were encapsulated with various capsular thicknesses (Table S1 ). Capsular thicknesses also showed wide variation within an NCL or NCL subtypes, but capsular thicknesses from the same isolate were consistent based on two independent experiments. Only two isolates (YS196 and YS351) distributed in NCL12 and Chz-2 were likely to be nonencapsulated (see Table S1 in the supplemental material).
MCG typing. The 276 isolates carrying NCLs were typed by MCG typing. The isolates were in MCG group 6 (83.7%; 231/276) and group 7 (12%; 33/276 isolates) and were ungroupable (4.3%; 12/276 isolates) (see Table S1 in the supplemental material).
DISCUSSION
Serotyping is an important tool for detection and epidemiological studies of S. suis. Although the prevalence of nonserotypeable S. suis isolates has been reported in many studies (4, 14, (24) (25) (26) (27) , little was known about the distribution and diversity of NCLs of nonserotypeable isolates. The main purpose of this study was to investigate the prevalence, characteristics, and evolution of NCLs in the S. suis population.
In this study, the 486 S. suis isolates from pigs were analyzed for their serotype identity by capsular gene typing methods, and the performance of the methods was evaluated by the seroagglutination test. Of the 210 isolates typed as the reference serotypes by the 32-plex Luminex assay, the agglutination results for 195 isolates were completely consistent with their 32-plex Luminex assay results. Only 15 isolates identified as belonging to serotype 5, 12, 29, or 30 by the 32-plex Luminex assay could not be identified in the agglutination test. Similar results were also found in isolates from the United Kingdom, the genomes of which have been sequenced (6) . Serotypes of 46 isolates were not identified in agglutination tests using antisera to the reference serotypes. We analyzed the cps sequences of these 46 isolates from the genome sequences available in GenBank (see Table S3 in the supplemental material). We found that except for 8 isolates that carried a NCL, the cps types of the remaining 38 isolates were assigned to reference serotypes 6, 8, 9, 10, 15, 16, 19, 21, 24 , and 31 by in silico typing using the cps gene sequence (see Table S3 in the supplemental material). Antigenic differences or a deficiency in CPS may attribute to one or more of the defects in the cps gene cluster or genes outside the cps locus involved in antigenic modification, which remain to be identified. Therefore, for a small proportion of isolates, discrepancies between the results of agglutination test-based serotyping (phenotyping) and capsular gene-based serotyping (genotyping) are expected.
In the present study, 94.8% of the nonserotypeable isolates (276/291) carried 1 of the 17 NCLs. It is noteworthy that 8 lung isolates carried 4 NCLs: NCL1, -3, -7, and -11. Using discriminant analysis of principal components, many lung isolates were genetically similar to systemic isolates (6) and also shared identical pulsed-field gel electrophoresis (PFGE) types with invasive iso-lates (28) . These findings indicated that many lung isolates possessed the potential to cause systemic infection, suggesting that isolates carrying these 4 NCLs are potentially pathogenic. In 2013, serotype Chz isolates caused an outbreak of streptococcosis in piglets at multiple large-scale pig farms in Jiangsu Province, China (17) . The high proportion of isolates carrying NCL1, -3, -7 and -11 and Chz in the present study indicates that they are prevalent in the swine population and highlights the need for increased surveillance of S. suis isolates carrying these 5 NCLs in China.
In this study, we also developed an 18-plex detection system based on specific wzy genes of the NCLs using the Luminex xTAG universal array technology, which can simultaneously identify the 17 currently recognized NCLs. The Luminex xMAP system is a multiplexed microsphere-based suspension array platform. mPCR coupled with Luminex xTAG technologybased detection provides an open and attractive approach for multiplexed analysis. The detection system was validated with a panel of 486 tested isolates and 62 non-S. suis isolates.
The 18-plex detection system, as a high-throughput, low-timeconsuming assay, can be completed 40 min after PCR amplification. Moreover, this system has great potential to increase multiplicity in a single reaction in which new NCLs are continuously found. For example, one nonserotypeable S. suis isolate from pigs in the United Kingdom (see Table S3 in the supplemental material) did not belong to any of the 17 NCLs (data not shown).
In the present study, NCL9 to -16, distributed in 39 isolates, appear to have not been reported previously. Most of these isolates expressed a capsule. In addition, 53 NCL-specific HGs were identified among these 8 NCLs. The functions of these type-specific Chz, we tentatively concluded that the 8 NCLs found in this study represent novel serotypes.
The capsular thicknesses varied widely between NCLs and between subtypes of an NCL. Two isolates showed an absence of a capsule in spite of no defective genes in their cps loci. Isolates with identical cps sequences can also have different capsular thicknesses. Examples are the pairs of isolates YS196 and YS205, YS576 and YS577, YS408 and YS444, and YS241 and YS601. A lack of capsule production or a varied capsular thickness may be attributed to a defect or difference in genes outside the cps locus that are involved in the modification or transcriptional regulation of capsular polysaccharides.
Capsule expression is essential for S. suis to establish asymptomatic colonization of the nasopharynx. The continuous and ongoing evolution of cps gene clusters also contributes to S. suis evasion of the host immune system. It is important to continuously survey the diversity of S. suis serotypes. Horizontal gene transfer within and between species may have been involved in the evolution of cps loci. Previous studies showed that gene replacement could easily result in the emergence of novel agglutination phenotypes (15, 30, 31) . The sequence differences between Chz-2 and NCL1-3 were caused mainly by the replacement of 5 NCLspecific HGs in the center of Chz-2 by 4 NCL-specific HGs in NCL1-3. A similar transfer between NCL1-1 and NCL16-2 was also found.
The discovery and characterization of subtypes within these NCLs are also essential for understanding the mosaic structure of the capsule. Of the 17 NCLs, 8 showed two or more subtypes. The subtypes varied mainly due to the variable presence of HG55, HG293, HG294, HG312, HG313, HG314, HG315, and the transposase genes in the 3= region. This indicated that they were transferred to cps loci by complex recombination events between S. suis cps loci. This may have been facilitated by the transposase genes.
Compared to the above-mentioned multiple mobile HGs, NCL-specific genes were highly conserved and fixed in each NCL. The GϩC contents of NCL-specific genes were obviously lower than that of whole cps locus. These results indicated that these NCL-specific genes were integrated into their cps locus from an unknown source on only one occasion.
Almost all isolates carrying NCLs were from the earliest ancestral MCG group 6 and group 7 (21), indicating that they appeared to have been acquired a long time ago and achieved wide distribution geographically. The NCLs constitute a mosaic structure originating from diverse donors. It is possible that other nasopharynx streptococci, such as Streptococcus salivarius, Streptococcus mitis, and Streptococcus oralis, are the leading donor candidates.
The key limitation of capsular gene typing methods based on the wzy genes and conventional serotyping antisera is that they are unable to distinguish the genetic variations within the same cps locus. In the new era of high-throughput sequencing and online bioinformatics, the unprecedented level of discrimination provided by whole-genome sequencing (WGS) will provide a novel serotyping strategy to achieve this. Recently, the SerotypeFinder tool based on WGS data was established to serotype Escherichia coli strains, providing a typing method that is faster and cheaper than the currently used routine procedures (32) . Our 18-plex detection system will serve as a valuable tool for detecting known and additional NCLs among nonserotypeable S. suis isolates. Moreover, detection based on a combination of wzy gene variation and the presence or absence of subtype-specific HGs would be an optimal strategy to monitor and evaluate the serotype diversity of S. suis.
In conclusion, our study offers an expanded view of the cps genetic diversity of S. suis with the identification of 8 unknown NCLs and 6 new subtypes of known NCLs. The clinical and public health significance of these new NCLs warrants further investigation. This study provides a high-throughput detection tool for detecting novel serotypes of S. suis and valuable genetic information for monitoring the diversity of these NCLs. Our data also contribute to a better understanding of capsular biosynthesis in S. suis.
